Abstract-Electromagnetically driven microactuators are of interest because they have the potential to generate large deflections. Thus, we have been studying magnetically driven microactuators. This time, a magnetically driven linear microactuator has been newly developed by using microfabrication techniques. The microactuator is composed of a mobile microplatform (mover) with some permanent magnets (PMs) and a stator with a large number of planar coils. In this paper, two types of microplatforms are fabricated and compared with each other. Furthermore, static and dynamic characteristics of the magnetically driven linear microactuator are discussed.
I. INTRODUCTION
Various kinds of microactuators using electrostatic forces, electromagnetic forces, and other forces have been studied by many researchers [1] - [5] . Considering electrostatic forces and electromagnetic forces, it is said that electrostatic forces are superior to electromagnetic forces for micro-sized actuators. On the other hand, a magnetically driven method for millimeter/centimeter-sized actuators is regarded as promising, because millimeter/centimeter-sized actuators might be useful for industry, and they typically can be operated at substantially smaller voltages than electrostatic actuators. Thus, there are a lot of reports on magnetically driven, small microactuators [3] - [5] . This time, two types of magnetically driven linear microactuators with a new driving method have been developed and compared with each other.
II. MICROACTUATOR

A. System
The total system of the magnetically driven linear microactuator is shown in Fig. 1 . The system is composed of the newly developed microactuator, amplifiers, a digital input and output (DIO) interface, and a personal computer. Drive signals for the microactuator are generated by the personal computer with Visual Basic programming language. The drive signals are applied to the actuator through the DIO interface and the amplifiers. The amplifiers with a gain of 0.2 A/V generate driving currents according to the drive signals.
B. Microplatform
Two types of microplatforms with some permanent magnets (PMs) are fabricated for the linear microactuator as shown in Fig. 2 The microplatforms are fabricated by using the photolithography technique. The fabrication process of the microplatforms is shown in Fig. 3 . First, we make preparations for a Permalloy plate [ Fig. 3(a) ]. A photoresist layer is deposited on the Permalloy plate [ Fig. 3(b) ]. The photolithography process delivers small holes for PMs [Fig. 3(c) ]. Finally, permanent magnets are attached to the Permalloy plate by putting them into the resist holes [ Fig. 3(d) ].
C. Stator and Planar Coil Fabrication
The stator is composed of a lot of planar coils for driving the microplatforms as shown in Fig. 4 (a). The stator consists of 36 (6 × 6) planar coils and measures 20 × 20 mm. Each coil has 10 turns, as shown in Fig. 4(b) . The pitch of the coils is 3.4 mm. Each coil has two copper pads to apply driving currents to the actuators. In this paper, we Fig. 5(d) ]. Finally, the photoresist on the copper coils is removed as shown in Fig. 5(e) . The cross section of copper wire measures 0.05 mm in width and ∼ =16 µm in thickness. ) show the photos of the microplatform with 2 × 2 PMs and the stator with 6 × 6 coils, respectively. In Fig. 6 (a) four permanent magnets attached to the Permalloy plate are seen, because the microplatform is turned over. A circle around the microplatform in Fig. 6(a) is a convex lens. The stator with 6 × 6 planar coils is shown in Fig. 6(b) . These coils are connected to the printed wiring board with the copper pads.
D. Driving Method
The stator coils are excited to produce attractive forces applied to the microplatform. Six coils in a line are excited at the same time to drive the microplatform. Fig. 7 shows the driving method for the microplatform with 2 × 2 PMs in the right direction. The microplatform is illustrated on the stator in each figure. Each figure shows an exciting pattern of the stator just before the microplatform does a step motion in the right direction.
In Fig. 7(a) , the upper right-hand magnet with N pole is attracted by two adjacent coils of S pole, and the lower right-hand magnet with S pole is also attracted by a coil of N pole. As a result, the microplatform with 2 × 2 PMs moves in the right direction at a distance of half the coils' pitch (=1.7 mm) as shown in Fig. 7(b) . Next, upper left and lower left-hand magnets are attracted by two adjacent coils N and a coil S, respectively. Then, the microplatform does a step motion in the right direction as shown in Fig. 7(c) . As a result, the microplatform moves a distance of half the coil's pitch (=1.7 mm). The microplatform with 2 × 2 PMs also moves up and down in the same manner.
With respect to the microplatform with 2 × 3 PMs, the exciting pattern of the stator is basically the same as the pattern of the microplatform with 2 × 2 PMs. 
III. DYNAMIC CHARACTERISTICS
A. Step Response
To investigate dynamics of the microplatforms with 2 × 2 PMs and 2 × 3 PMs, step responses were studied. Fig. 8(a) shows step responses of the microplatform with 2 × 2 PMs for various driving currents of 0.15, 0.25, and 0.30 A. As shown in the figure, step responses without overshoots are observed. It is found that the microplatform moves smoothly on the stator. The step responses have repeatability and accuracy to ±0.1 mm. From the result, final value (displacement) is defined by using the result in Fig. 8(a) . The step responses have different final values, which are 0.95, 1.24, and 1.38 mm for the driving currents of 0.15, 0.25, 0.30 A, respectively. These final values (displacements) are a little smaller than an ideal displacement (=1.7 mm). Fig. 8(b) shows step responses of the microplatform with 2 × 3 PMs for various driving currents. The step responses have different final displacements. This tendency is similar to that of the microplatforms with 2 × 2 PMs. The final displacements for the microplatform with 2 × 3 PMs are larger than those for the microplatform with 2 × 2 PMs.
In addition to the step responses, continuous driving characteristics of the microplatforms with 2 × 2 and 2 × 3 PMs were studied. Fig. 9(a) shows the displacement of the microplatform with 2 × 2 PMs with a driving current of 0.15 A. The continuous step motions are based on the step response as shown in Fig. 8(a) . The final displacement after the three step motions is 5.2 mm, which is equivalent to one and a half coils. Fig. 9(b) shows the continuous displacement of the microplatform with 2 × 3 PMs. The step motion for the microplatform with 2 × 3 PMs is similar to that for the microplatform with 2 × 2 PMs.
B. Evaluations
Final values (displacements) are defined by using the experimental results shown in Fig. 8. Fig. 10 shows the experimental result for the microplatforms with 2 × 2 PMs (filled circles) and 2 × 3 PMs (open circles). Each final value (displacement) increases with increasing current in the range up to 0.3 A. The maximum displacements are about 1.38 and 1.81 mm.
Final displacements of the microplatforms with 2 × 2 PMs and 2 × 3 PMs were measured with some loads of 0.05, 0.10, 0.20, and 0.3 g. The results for the microplatforms with 2 × 2 PMs and 2 × 3 PMs are shown in Fig. 11 (a) and (b), respectively. From Fig. 11 , the final displacement for each load increases with increasing driving current. The displacement also increases with decreasing carrying loads. The final displacements in Fig. 11 are smaller than the displacements without loads in Fig. 10 . In general, the displacements in Fig. 11(b) are larger than those in Fig. 11(a) .
IV. CONCLUSION
In this study, the magnetically driven linear microactuator using microsystem fabrication techniques is successfully developed. From the results, the driving method is found to be available for driving the microplatform. The final values of the step responses depend on the driving currents. From the study on carrying capacity, it is found that the microplatform carries about the same load as itself. The microplatform shows the continuous motion according to the computer signals. As a result, the microactuator mentioned previously is found to be useful for some kinds of applications such as microconveyer.
I. INTRODUCTION
Because the performance of an accelerometer is most prominently demonstrated by its frequency response, the frequency and the damping factor associated with the first resonant mode becomes the primary design concern whenever a new potential accelerometer is developed. In fact, this implicit rule of thumb effectively limits an accelerometer bandwidth to 1/10 to 1/5 of its first resonant frequency such that the achieved linearity and accuracy will be better than 5-10% [1] . Because accelerometer performance is so tightly linked to the base structure, the operational bandwidth and the sensitivity required almost immediately determine the size of the accelerometer. In this article we incorporate smart structure technology developed over the past two decades [2] into an accelerometer design. This concept provides us with a method to vastly expand the design freedom of accelerometers, which was first reported by Hsu and Lee in 2002 [3] . At that time, to clearly illustrate the impact of this series of sensors, the concepts of point-distributed sensors (named PoD sensors) and APROPOS devices (acronym for autonomous phase-gain rotation/linear piezoelectric optimal sensing) were described [3] . This study reported that the usable bandwidth of this newly developed accelerometer can be enhanced by incorporating an APROPOS device onto a PoD sensor, as gain and phase tailoring are autonomous [3] . To verify the sensitivity and applicability of this newly invented piezoelectric accelerometer as a micromachine-based device and to explore application areas not attainable by previous accelerometers, a free-fall motion was chosen as the metrology target in this article [4] . It is worth noting that free-fall sensing has been deemed an important research and development target of the magnetic
